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(57) ABSTRACT

A lithographic apparatus includes a mask correction system
configured to controllably and locally alter a property of a
mask, for example transmissivity, transmissivity to a particu-
lar polarization state, birefringence and/or geometry. The
mask correction system, in an embodiment, directs a beam of
radiation onto a spot of the mask, the mask being scanned
relative to the mask correction system. The mask correction
system may include an arrangement to irradiate multiple
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LITHOGRAPHIC APPARATUS, DEVICE
MANUFACTURING METHOD, AND METHOD
OF CORRECTING A MASK

This application claims priority and benefit under 35
U.S.C. §119(e) to U.S. Provisional Patent Application No.
61/472,935, entitled “Lithographic Apparatus, Device Manu-
facturing Method, and Method of Correcting a Mask”, filed
on Apr. 7, 2011. The content of that application is incorpo-
rated herein in its entirety by reference.

FIELD

The present invention relates to a lithographic apparatus, a
device manufacturing method, and a method of correcting a
mask.

BACKGROUND

A lithographic apparatus is a machine that applies a desired
pattern onto a substrate, usually onto a target portion of the
substrate. A lithographic apparatus can be used, for example,
in the manufacture of integrated circuits (ICs). In that
instance, a patterning device, which is alternatively referred
to as a mask or a reticle, may be used to generate a circuit
pattern to be formed on an individual layer of the IC. This
pattern can be transferred onto a target portion (e.g. compris-
ing part of, one, or several dies) on a substrate (e.g. a silicon
wafer). Transfer of the pattern is typically via imaging onto a
layer of radiation-sensitive material (resist) provided on the
substrate. In general, a single substrate will contain a network
of adjacent target portions that are successively patterned.
Known lithographic apparatus include so-called steppers, in
which each target portion is irradiated by exposing an entire
pattern onto the target portion at one time, and so-called
scanners, in which each target portion is irradiated by scan-
ning the pattern through a radiation beam in a given direction
(the “scanning”-direction) while synchronously scanning the
substrate parallel or anti-parallel to this direction. It is also
possible to transfer the pattern from the patterning device to
the substrate by imprinting the pattern onto the substrate.

It has been proposed to immerse the substrate in the litho-
graphic projection apparatus in a liquid having a relatively
high refractive index, e.g. water, so as to fill a space between
the final element of the projection system and the substrate. In
an embodiment, the liquid is distilled water, although another
liquid can be used. An embodiment of the present invention
will be described with reference to liquid. However, another
fluid may be suitable, particularly a wetting fluid, an incom-
pressible fluid and/or a fluid with higher refractive index than
air, desirably a higher refractive index than water. Fluids
excluding gases are particularly desirable. The point of this is
to enable imaging of smaller features since the exposure
radiation will have a shorter wavelength in the liquid. (The
effect of the liquid may also be regarded as increasing the
effective numerical aperture (NA) of the system and also
increasing the depth of focus.) Other immersion liquids have
been proposed, including water with solid particles (e.g.
quartz) suspended therein, or a liquid with a nano-particle
suspension (e.g. particles with a maximum dimension ofup to
10 nm). The suspended particles may or may not have a
similar or the same refractive index as the liquid in which they
are suspended. Other liquids which may be suitable include a
hydrocarbon, such as an aromatic, a fluorohydrocarbon, and/
or an aqueous solution.

SUMMARY

In a conventional lithography apparatus, the mask or reticle
comprises a quartz sheet, referred to as the mask blank, on
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which the pattern to be imaged is formed in a chrome layer.
The quartz is substantially transparent to the exposure radia-
tion while the chrome layer is substantially opaque. The mask
pattern may also include non-imaging features, such as opti-
cal proximity correction (OPC) features or serifs, that do not
themselves image, but improve the pattern formed in resist in
various ways. In some instances, the mask may be a phase-
shift mask (e.g., an alternating phase-shift mask or an attenu-
ated phase-shift mask) and thus the chrome layer may be
substituted with a partially or substantially transparent layer
on, or a partially or substantially transparent portion of, the
mask blank different from the remainder of the mask blank in
order to provide the pattern.

A pellicle may be used. This is a thin film of transparent
material mounted on a frame attached to the mask at a small
distance from the chrome layer to help prevent dust settling
thereon. Dust particles settling on the pellicle will be out of
focus when the mask is imaged.

A reflective mask for extreme ultraviolet (EUV) radiation
comprises a rigid substrate on which is formed a multilayer
stack of materials of alternating high and low refractive index.
The multilayer stack forms a distributed Bragg reflector and is
used to achieve a usable reflectance of the EUV radiation. The
pattern is formed in a chrome layer on top of the multilayer
stack.

Manufacture of masks takes a long time and is expensive,
especially given that 30 or 40 masks are often used for the
manufacture of a device. Masks are therefore carefully
handled and inspected before use. Dust particles can be
removed if necessary and small flaws in the chrome pattern
can be mended, but more extensive errors or flaws involve
remaking of the mask.

It has been proposed to make local adjustments of the
transmissivity of the mask by selectively damaging it with a
laser in order to control critical dimension (CD) uniformity.
See the paper “Mask CD control with ultra fast laser for
improving mask CDU”, SPIE 6730 (2007). The process uses
an ultra-fast femto-second laser to write intra-volume shad-
ing elements inside the bulk material of the mask. By adjust-
ing the density of the shading elements, the radiation trans-
mission through the mask is locally changed in a manner that
improves substrate CDU when the corrected mask is printed.
The process takes several hours to scan a standard size mask
and is performed in a dedicated device.

Itis desirable, for example, to provide an improved method
where corrections to amask can be effected after manufacture
of the mask.

According to an aspect of the invention, there is provided a
lithographic apparatus, comprising: an illumination system
configured to provide a radiation beam; a mask support con-
figured to support a mask bearing a pattern and to position the
mask in the radiation beam so as to impart the pattern thereto;
a projection system configured to project the radiation beam
patterned by the mask onto a substrate; and a mask correction
system configured to controllably and locally alter a property
of the mask.

According to an aspect of the invention, there is provided a
method of correcting a mask for use in a lithographic device
manufacturing method, the method comprising in a litho-
graphic apparatus, locally altering a property of the mask by
directing a radiation beam to be incident selectively on a spot
on the mask.

According to an aspect of the invention, there is provided a
device manufacturing method using a lithographic apparatus,
the method comprising: in the lithographic apparatus, locally
alternating a property of a mask by directing a first radiation
beam to be incident selectively on a spot on the mask; and
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directing a second radiation beam onto the mask; and project-
ing the second radiation beam patterned by the mask onto a
substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by
way of example only, with reference to the accompanying
schematic drawings in which corresponding reference sym-
bols indicate corresponding parts, and in which:

FIG. 1 depicts a lithographic apparatus according to an
embodiment of the invention;

FIG. 2 depicts, in cross-section, a barrier member which
may be used in an embodiment of the present invention as an
immersion liquid supply system;

FIG. 3 depicts selected parts of a lithographic apparatus
according to an embodiment of the invention;

FIG. 4 depicts a method according to an embodiment of the
invention;

FIG. 5 depicts a mask correction device according to an
embodiment of the invention; and

FIG. 6 illustrates an imaging principle used in an embodi-
ment of the invention.

DETAILED DESCRIPTION

FIG. 1 schematically depicts a lithographic apparatus
according to one embodiment of the invention. The apparatus
comprises:

an illumination system (illuminator) IL. configured to con-
dition a radiation beam B (e.g. UV radiation, DUV
radiation or EUV radiation);

a support structure (e.g. a mask table) MT constructed to
support a patterning device (e.g. a mask) MA and con-
nected to a first positioner PM configured to accurately
position the patterning device inaccordance with certain
parameters;

asubstrate table (e.g. a wafer table) WT constructed to hold
a substrate (e.g. a resist-coated wafer) W and connected
to a second positioner PW configured to accurately posi-
tion the substrate in accordance with certain parameters;
and

a projection system (e.g. a refractive projection lens sys-
tem) PS configured to project a pattern imparted to the
radiation beam B by patterning device MA onto a target
portion C (e.g. comprising one or more dies) of the
substrate W.

The illumination system may include various types of opti-
cal components, such as refractive, reflective, magnetic, elec-
tromagnetic, electrostatic or other types of optical compo-
nents, or any combination thereof, for directing, shaping, or
controlling radiation.

The support structure MT holds the patterning device. The
support structure MT holds the patterning device in a manner
that depends on the orientation of the patterning device, the
design of the lithographic apparatus, and other conditions,
such as for example whether or not the patterning device is
held in a vacuum environment. The support structure MT can
use mechanical, vacuum, electrostatic or other clamping
techniques to hold the patterning device. The support struc-
ture MT may be a frame or a table, for example, which may be
fixed or movable as required. The support structure MT may
ensure that the patterning device is at a desired position, for
example with respect to the projection system. Any use of the
terms “reticle” or “mask” herein may be considered synony-
mous with the more general term “patterning device.”
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The term “patterning device” used herein should be
broadly interpreted as referring to any device that can be used
to impart a radiation beam with a pattern in its cross-section
such as to create a pattern in a target portion of the substrate.
It should be noted that the pattern imparted to the radiation
beam may not exactly correspond to the desired pattern in the
target portion of the substrate, for example if the pattern
includes phase-shifting features or so called assist features.
Generally, the pattern imparted to the radiation beam will
correspond to a particular functional layer in a device being
created in the target portion, such as an integrated circuit.

The patterning device may be transmissive or reflective.
Examples of patterning devices include masks, program-
mable mirror arrays, and programmable LCD panels. Masks
are well known in lithography, and include mask types such as
binary, alternating phase-shift, and attenuated phase-shift, as
well as various hybrid mask types. An example of a program-
mable mirror array employs a matrix arrangement of small
mirrors, each of which can be individually tilted so as to
reflect an incoming radiation beam in different directions.
The tilted mirrors impart a pattern in a radiation beam which
is reflected by the minor matrix.

The term “projection system” used herein should be
broadly interpreted as encompassing any type of projection
system, including refractive, reflective, catadioptric, mag-
netic, electromagnetic and electrostatic optical systems, or
any combination thereof; as appropriate for the exposure
radiation being used, or for other factors such as the use of an
immersion liquid or the use of a vacuum. Any use of the term
“projection lens” herein may be considered as synonymous
with the more general term “projection system”.

As here depicted, the apparatus is of a transmissive type
(e.g. employing a transmissive mask). Alternatively, the appa-
ratus may be of a reflective type (e.g. employing a reflective
mask).

The lithographic apparatus may be of a type having two
(dual stage) or more substrate tables (and/or two or more
patterning device tables). In such “multiple stage” machines
the additional tables may be used in parallel, or preparatory
steps may be carried out on one or more tables while one or
more other tables are being used for exposure.

Referring to FIG. 1, the illuminator IL receives a radiation
beam from a radiation source SO. The source and the litho-
graphic apparatus may be separate entities, for example when
the source is an excimer laser. In such cases, the source is not
considered to form part of the lithographic apparatus and the
radiation beam is passed from the source SO to the illumina-
tor IL. with the aid of a beam delivery system BD comprising,
for example, suitable directing minors and/or a beam
expander. In other cases the source may be an integral part of
the lithographic apparatus, for example when the source is a
mercury lamp. The source SO and the illuminator IL, together
with the beam delivery system BD if required, may be
referred to as a radiation system.

The illuminator II. may comprise an adjuster AD config-
ured to adjust the angular intensity distribution of the radia-
tion beam. Generally, at least the outer and/or inner radial
extent (commonly referred to as o-outer and o-inner, respec-
tively) of the intensity distribution in a pupil plane of the
illuminator can be adjusted. In addition, the illuminator IL.
may comprise various other components, such as an integra-
tor IN and a condenser CO. The illuminator may be used to
condition the radiation beam, to have a desired uniformity and
intensity distribution in its cross-section. Similar to the source
SO, the illuminator IL. may or may not be considered to form
part of the lithographic apparatus. For example, the illumina-
tor IL. may be an integral part of the lithographic apparatus or
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may be a separate entity from the lithographic apparatus. In
the latter case, the lithographic apparatus may be configured
to allow the illuminator IL to be mounted thereon. Optionally,
the illuminator IL. is detachable and may be separately pro-
vided (for example, by the lithographic apparatus manufac-
turer or another supplier).

The radiation beam B is incident on the patterning device
(e.g., mask) MA, which is held on the support structure (e.g.,
mask table) MT, and is patterned by the patterning device.
Having traversed the patterning device MA, the radiation
beam B passes through the projection system PS, which
focuses the beam onto a target portion C of the substrate W.
With the aid of the second positioner PW and position sensor
IF (e.g. an interferometric device, linear encoder or capacitive
sensor), the substrate table WT can be moved accurately, e.g.
s0 as to position different target portions C in the path of the
radiation beam B. Similarly, the first positioner PM and
another position sensor (which is not explicitly depicted in
FIG. 1) can be used to accurately position the patterning
device MA with respect to the path of the radiation beam B,
e.g. after mechanical retrieval from a mask library, or during
ascan. In general, movement of the support structure MT may
be realized with the aid of a long-stroke module (coarse
positioning) and a short-stroke module (fine positioning),
which form part of the first positioner PM. Similarly, move-
ment of the substrate table WT may be realized using a
long-stroke module and a short-stroke module, which form
part of the second positioner PW. In the case of a stepper (as
opposed to a scanner) the support structure MT may be con-
nected to a short-stroke actuator only, or may be fixed. Pat-
terning device MA and substrate W may be aligned using
patterning device alignment marks M1, M2 and substrate
alignment marks P1, P2. Although the substrate alignment
marks as illustrated occupy dedicated target portions, they
may be located in spaces between target portions (these are
known as scribe-lane alignment marks). Similarly, in situa-
tions in which more than one die is provided on the patterning
device MA, the patterning device alignment marks may be
located between the dies.

The depicted apparatus could be used in at least one of the
following modes:

1. In step mode, the support structure MT and the substrate
table WT are kept essentially stationary, while an entire pat-
tern imparted to the radiation beam is projected onto a target
portion C at one time (i.e. a single static exposure). The
substrate table WT is then shifted in the X and/orY direction
so that a different target portion C can be exposed. In step
mode, the maximum size of the exposure field limits the size
of the target portion C imaged in a single static exposure.

2. In scan mode, the support structure M T and the substrate
table WT are scanned synchronously while a pattern imparted
to the radiation beam is projected onto a target portion C (i.e.
a single dynamic exposure). The velocity and direction of the
substrate table WT relative to the support structure MT may
be determined by the (de-)magnification and image reversal
characteristics of the projection system PS. In scan mode, the
maximum size of the exposure field limits the width (in the
non-scanning direction) of the target portion in a single
dynamic exposure, whereas the length of the scanning motion
determines the height (in the scanning direction) of the target
portion.

3. In another mode, the support structure MT is kept essen-
tially stationary holding a programmable patterning device,
and the substrate table WT is moved or scanned while a
pattern imparted to the radiation beam is projected onto a
target portion C. In this mode, generally a pulsed radiation
source is employed and the programmable patterning device
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is updated as required after each movement of the substrate
table WT or in between successive radiation pulses during a
scan. This mode of operation can be readily applied to mask-
less lithography that utilizes programmable patterning
device, such as a programmable mirror array of a type as
referred to above.

Combinations and/or variations on the above described
modes of use or entirely different modes of use may also be
employed.

In many lithographic apparatus, a fluid, in particular a
liquid for example an immersion liquid, is provided between
the final element of the projection system and the substrate
using a liquid supply system IH to enable imaging of smaller
features and/or increase the effective NA of the apparatus. An
embodiment of the invention is described further below with
reference to such an immersion apparatus, but may equally be
embodied in a non-immersion apparatus. Arrangements to
provide liquid between a final element of the projection sys-
tem and the substrate can be classed into at least two general
categories. These are the bath type arrangement and the so
called localized immersion system. In the bath type arrange-
ment substantially the whole of the substrate and optionally
part of the substrate table is submersed in a bath of liquid. The
so called localized immersion system uses a liquid supply
system in which liquid is only provided to a localized area of
the substrate. In the latter category, the space filled by liquid
is smaller in plan than the top surface of the substrate and the
area filled with liquid remains substantially stationary relative
to the projection system while the substrate moves under-
neath that area. Anther arrangement, to which an embodiment
of'the invention is directed, is the all wet solution in which the
liquid is unconfined. In this arrangement substantially the
whole top surface of the substrate and all or part of the
substrate table is covered in immersion liquid. The depth of
the liquid covering at least the substrate is small. The liquid
may be a film, such as a thin film, of liquid on the substrate.

An arrangement which has been proposed is to provide the
liquid supply system with a liquid confinement member
which extends along at least a part of a boundary of the space
between the final element of the projection system and the
substrate table. Such an arrangement is illustrated in FIG. 2.
The liquid confinement member is substantially stationary
relative to the projection system in the XY plane though there
may be some relative movement in the Z direction (in the
direction of the optical axis). A seal is formed between the
liquid confinement and the surface of the substrate. In an
embodiment, a seal is formed between the liquid confinement
structure and the surface of the substrate and may be a con-
tactless seal such as a gas seal. Such a system is disclosed in
United States patent application publication no. US 2004-
0207824.

FIG. 2 schematically depicts a localized liquid supply sys-
tem with a fluid handling structure 12. The fluid handling
structure extends along at least a part of a boundary of the
space between the final element of the projection system and
the substrate table WT or substrate W. (Please note that ref-
erence in the following text to surface of the substrate W also
refers in addition or in the alternative to a surface of the
substrate table, unless expressly stated otherwise.) The fluid
handling structure 12 is substantially stationary relative to the
projection system in the XY plane though there may be some
relative movement in the 7 direction (in the direction of the
optical axis). In an embodiment, a seal is formed between the
barrier member and the surface of the substrate W and may be
a contactless seal such as a fluid seal, desirably a gas seal.

The fluid handling structure 12 at least partly contains
liquid in the space 11 between a final element of the projec-
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tion system PS and the substrate W. A contactless seal 16 to
the substrate W may be formed around the image field of the
projection system so that liquid is confined within the space
between the substrate W surface and the final element of the
projection system PS. The space is at least partly formed by
the fluid handling structure 12 positioned below and sur-
rounding the final element of the projection system PS. Liq-
uid is brought into the space below the projection system and
within the fluid handling structure 12 by liquid inlet 13. The
liquid may be removed by liquid outlet 13. The fluid handling
structure 12 may extend a little above the final element of the
projection system. The liquid level rises above the final ele-
ment so that a buffer of liquid is provided. In an embodiment,
the fluid handling structure 12 has an inner periphery that at
the upper end closely conforms to the shape of the projection
system or the final element thereof and may, e.g., be round. At
the bottom, the inner periphery closely conforms to the shape
of the image field, e.g., rectangular, though this need not be
the case.

In an embodiment, the liquid is contained in the space 11
by a gas seal 16 which, during use, is formed between the
bottom of the fluid handling structure 12 and the surface of the
substrate W. The gas seal is formed by gas, e.g. air or synthetic
air but, in an embodiment, N, or another inert gas. The gas in
the gas seal is provided under pressure via inlet 15 to the gap
between fluid handling structure 12 and substrate W. The gas
is extracted via outlet 14. The overpressure on the gas inlet 15,
vacuum level on the outlet 14 and geometry of the gap are
arranged so that there is a high-velocity gas flow 16 inwardly
that confines the liquid. The force of the gas on the liquid
between the fluid handling structure 12 and the substrate W
contains the liquid in a space 11. The inlets/outlets may be
annular grooves which surround the space 11. The annular
grooves may be continuous or discontinuous. The flow of gas
16 is effective to contain the liquid in the space 11. Such a
system is disclosed in United States patent application pub-
lication no. US 2004-0207824.

Many other types of liquid supply system are possible. The
present invention is neither limited to any particular type of
liquid supply system, nor to immersion lithography. The
invention may be applied equally in any lithography. In an
EUYV radiation lithography apparatus, the beam path is sub-
stantially evacuated and immersion arrangements described
above are not used.

A control system 500 controls the overall operations of the
lithographic apparatus 1 and in particular performs an opti-
mization process described further below. Control system
500 can be embodied as a suitably-programmed general pur-
pose computer comprising a central processing unit and vola-
tile and/or non-volatile storage. The control system may
include one or more input and output devices such as a key-
board and screen, one or more network connections and one
or more interfaces to the various parts of the lithographic
apparatus. [t will be appreciated that a one-to-one relationship
between controlling computer and lithographic apparatus is
not necessary. In an embodiment of the invention one com-
puter can control multiple lithographic apparatuses. In an
embodiment of the invention, multiple networked computers
can be used to control one lithographic apparatus. The control
system 500 may also be configured to control one or more
associated process devices and substrate handling devices in
a lithocell or cluster of which the lithographic apparatus
forms a part. The control system 500 can be configured to be
subordinate to a supervisory control system of a lithocell or
cluster and/or an overall control system of a fab.

FIG. 3 depicts a transmissive mask MA (as an example of
a patterning device) comprising a substantially transmissive
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substrate BL, generally referred to as a mask blank, on or in
which a pattern CR (typically substantially opaque) is
formed, commonly in a chrome layer CR. A mask is typically
fabricated for each layer of a device to be manufactured
meaning that 30 or 40 masks may be required to manufacture
a single device. This number can increase if critical layers are
to be formed using double patterning techniques, using two
masks per layer. Thus, the manufacture of a mask set for a
device represents a substantial investment. A method and
mechanism of correcting or adjusting a mask that is cheaper
and/or quicker than manufacturing a new mask is desirable.
An embodiment of the present invention provides a mask
correction device and method in the lithographic apparatus
that controllably and locally alters one or more properties of
the mask. In this way, the effect of an undesirable and uncon-
trollable pattern distortion and/or change in the mask when
mounted in the lithographic apparatus, e.g. a distortion of the
mask due to mask clamping, can be corrected for.

As discussed above, it has been proposed to use an ultra-
fast femto-second laser to write intra-volume shading ele-
ments inside the bulk material of the mask blank in order to
adjust the radiation transmission through the mask. This
approach can be used to correct for CD uniformity errors
within a field but does not correct for other issues. For
example, it is desirable to correct a pattern distortion, in
particular to correct the position of a feature, and/or a mask
distortion. A mask distortion can include a distortion caused
by mask clamping, attachment of the pellicle PL. and/or the
projection system.

In an embodiment of the invention, a mask correction
device 100 is provided in the lithographic apparatus at mask
level; this is depicted in FIG. 3. The second positioner PM
scans the mask MA held on the mask table MT in the object
field of the projection system PS for scanned exposures of the
substrate W. The second positioner PM also transfers the
mask table MT to a second position or station at which the
mask MA may be loaded and unloaded and inspected by a
mask inspection device 200. The mask inspection device 200
inspects the mask for defects and/or for the presence of par-
ticles, e.g. dust. The mask correction device 100 is conve-
niently located in the same section of the lithographic appa-
ratus as the mask inspection device 200. The second
positioner PM scans the mask in front of the mask correction
device 100 in at least one direction, e.g. the Y direction. The
mask correction device 100 directs an intense beam of radia-
tion onto the mask blank BL and/or pattern CR (for example,
where the pattern in partially or substantially transparent) so
as to locally alter a property thereof in order to correct the
mask pattern. An image sensor TIS is provided on the sub-
strate table WT to measure the position in these orthogonal
directions (e.g. X, Y, Z) of projected images of features (e.g.
alignment or overlay markers) of the mask. Suitable images
sensors, e.g. transmission image sensors, are known in the art.

In an embodiment of the invention, the mask correction
device locally alters the geometry of the mask blank and/or
pattern in order to minutely adjust the position of element or
parts of elements of the pattern. The geometry of the mask
blank and/or pattern can be altered by inducing thermal
expansion. Due to hysteresis, the mask blank and/or pattern
does not return to exactly the same shape as it had initially. In
an embodiment, polarized radiation is used to cause differen-
tial expansion in two orthogonal directions. This allows finer
control of the position of elements of the pattern. Alterna-
tively or in addition, the irradiation of the mask can be used to
alter other properties of the mask, including transmissivity to
the radiation of the illumination beam, transmissivity to one
or more particular polarization states of the illumination
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beam, and birefringence. In an embodiment, the mask cor-
rection device locally changes the optical density of the mask
by applying radiation of controllable polarization. In an
embodiment, the mask correction device has a depth of focus
less than the thickness of the mask blank, desirably less than
half'the thickness of the mask blank, and is configured to vary
the position of the focal point of the intense beam of radiation
in a direction perpendicular to the mask surface. In this way,
different effects can be achieved at different positions in the
thickness of the mask.

A method according to an embodiment of the invention is
depicted in FIG. 4. First the mask is loaded S1 onto the mask
table and clamped thereto. The clamp may be used for fine
position control and to restrain the mask during high accel-
eration but can sometimes introduce distortion into the mask.
The clamp can be a mechanical clamp, a vacuum clamp or an
electrostatic clamp, for example. The mask pattern is then
measured S2 to determine if there is a distortion. Desirably,
the mask pattern is measured by projecting an image of it as
for exposure of substrates and measuring the projected image
at substrate level, e.g. using an image sensor integrated into
the substrate table. Alternatively, a test substrate can be
exposed and measurements taken of the pattern exposed in
resist or transferred into the substrate. In an embodiment, the
distortion of the mask pattern is characterized by measuring
overlay markers and/or by measuring the relative positions of
alignment markers. In an embodiment, determination of the
distortion to be corrected is a two step process. In one step, the
positions of features, e.g. alignment or overlay markers, on
the mask are measured directly on the mask. In another step,
the positions of images of features, e.g. alignment or overlay
markers, projected by the projection system are measured at
substrate level. In this way, distortion of the mask itself in situ
can be distinguished from distortion introduced by the pro-
jection system.

In step S3, the results of the mask measurements are used
to adjust relevant controls of the lithographic apparatus, e.g.
magnification, to make whole-field and inter-field correc-
tions. In parallel (or sequentially) the mask correction device
is used S4 to effect any necessary or desirable intra-field
corrections. Once all corrections are effected, production
substrates are exposed S5. By effecting the mask correctionin
the lithographic apparatus, the effect of mask distortion
caused by the mask clamp and/or distortion introduced by the
projection system can be taken into account. In an embodi-
ment, the variable controls of the lithographic apparatus are
used in step S3 to correct for relatively low spatial-frequency
distortion and the mask correction device is used in step S4 to
correct for relatively high spatial-frequency distortion. The
cut-oft between low and high spatial-frequency will depend
on the implementation and in particular the effects of the
available controls of the lithographic apparatus. In an
embodiment, fifth and lower order effects are corrected for by
adjustment of the projection system and/or dynamics of the
substrate and/or mask table. Higher order effects are cor-
rected by the mask correction device. In an embodiment, a
feed-forward correction is made to the correction applied in
step S3 based on the predicted results of the corrections to be
applied by the mask correction device in step S3.

Details of the mask correction device 100 are depicted in
FIG. 5. A beam expander 101, whose output is collimated by
first lens 103, is illuminated by a radiation source 101, e.g. a
high output femto-second pulsed laser, which may be sepa-
rate from the mask correction device 100. A first microlens
array 104 forms an array of sub-beams which are projected
via a lens 105 onto a spatial light modulator (SLM) 106, e.g.
an array of movable mirrors 107. Each sub-beam is projected
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onto a respective element of the SLM. The controllable ele-
ments 107 (e.g., mirrors) of SLM 106 are individually swit-
chable between a first arrangement (e.g., position) in which
the respective sub-beam is directed into projection optics 108
and a second arrangement (e.g., position) in which the respec-
tive sub-beam is directed to a beam stop (not shown). Projec-
tion optics 108 project the sub-beams onto a second micro-
lens array 109 which forms a two dimensional array of spots
onthe mask MA. The number of spots in the array is desirably
chosen to maximize the speed at which mask corrections can
be made, depending on the source power and the amount of
energy required to effect a desired alteration in a mask prop-
erty. In an embodiment, there are at least 16 spots in each row
of the array, desirably at least 32, more desirably at least 64,
yet more desirably at least 128. In an embodiment there are at
least 8 rows, desirably at least 16, more desirably at least 32.

FIG. 6 shows how the rows and columns of the array may
be angled to help obtain full coverage of the mask as it is
scanned relative to the device. Atleast one of the rows 112 and
columns 111 of the array 110 of spots make an acute angle 6
to the scan direction e.g. Y. The value of angle 8 depends on
the row and column spacings and the size of the beam spots.
This approach is known as pixel grid imaging and has been
proposed for so-called maskless lithography. By writing mul-
tiple spots substantially simultaneously, the scan speed can be
multiplied accordingly, enabling a mask correction to be
effected in a lithographic apparatus without undue loss of
exposure time.

To effect differential alteration of a mask property, a polar-
izer (not shown) can be interposed into selected ones or all of
the sub-beams. The polarizer can impart a linear polarization
state, e.g. X or Y. A retarder can be provided to change the
polarization state. Use of a polarizer might require additional
scans. Alternatively, a movable mirror device can be used in
which each mirror can direct radiation selectively to two or
more spots in the array. Orthogonal polarizers are placed, one
in the beam path of half the sub-beams, enabling each spot to
be selectively written to with one or both polarization states.

As will be appreciated, any of the above described features
can be used with any other feature and it is not only those
combinations explicitly described which are covered in this
application.

Although specific reference may be made in this text to the
use of lithographic apparatus in the manufacture of ICs, it
should be understood that the lithographic apparatus
described herein may have other applications in manufactur-
ing components with microscale, or even nanoscale features,
such as the manufacture of integrated optical systems, guid-
ance and detection patterns for magnetic domain memories,
flat-panel displays, liquid-crystal displays (LCDs), thin-film
magnetic heads, etc. The skilled artisan will appreciate that,
in the context of such alternative applications, any use of the
terms “wafer” or “die” herein may be considered as synony-
mous with the more general terms “substrate” or “target por-
tion”, respectively. The substrate referred to herein may be
processed, before or after exposure, in for example a track (a
tool that typically applies a layer of resist to a substrate and
develops the exposed resist), a metrology tool and/or an
inspection tool. Where applicable, the disclosure herein may
be applied to such and other substrate processing tools. Fur-
ther, the substrate may be processed more than once, for
example in order to create a multi-layer IC, so that the term
substrate used herein may also refer to a substrate that already
contains multiple processed layers.
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The terms “radiation” and “beam” used herein encompass
all types of electromagnetic radiation, including ultraviolet
(UV) radiation (e.g. having a wavelength of or about 365,
248, 193, 157 or 126 nm).

The term “lens”, where the context allows, may refer to any
one or combination of various types of optical components,
including refractive and reflective optical components.

While specific embodiments of the invention have been
described above, it will be appreciated that the invention may
be practiced otherwise than as described. For example, the
embodiments of the invention may take the form of a com-
puter program containing one or more sequences of machine-
readable instructions describing a method as disclosed above,
or a data storage medium (e.g. semiconductor memory, mag-
netic or optical disk) having such a computer program stored
therein. Further, the machine readable instruction may be
embodied in two or more computer programs. The two or
more computer programs may be stored on one or more
different memories and/or data storage media.

The controllers described above may have any suitable
configuration for receiving, processing, and sending signals.
For example, each controller may include one or more pro-
cessors for executing the computer programs that include
machine-readable instructions for the methods described
above. The controllers may also include data storage medium
for storing such computer programs, and/or hardware to
receive such medium.

One or more embodiments of the invention may be applied
to any immersion lithography apparatus, in particular, but not
exclusively, those types mentioned above, whether the
immersion liquid is provided in the form of a bath, only on a
localized surface area of the substrate, or is unconfined on the
substrate and/or substrate table. In an unconfined arrange-
ment, the immersion liquid may flow over the surface of the
substrate and/or substrate table so that substantially the entire
uncovered surface of the substrate table and/or substrate is
wetted. In such an unconfined immersion system, the liquid
supply system may not confine the immersion liquid or it may
provide a proportion of immersion liquid confinement, but
not substantially complete confinement of the immersion lig-
uid.

A liquid supply system as contemplated herein should be
broadly construed. In certain embodiments, it may be a
mechanism or combination of structures that provides a lig-
uid to a space between the projection system and the substrate
and/or substrate table. It may comprise a combination of one
or more structures, one or more liquid inlets, one or more gas
inlets, one or more gas outlets, and/or one or more liquid
outlets that provide liquid to the space. In an embodiment, a
surface of the space may be a portion of the substrate and/or
substrate table, or a surface of the space may completely
cover a surface of the substrate and/or substrate table, or the
space may envelop the substrate and/or substrate table. The
liquid supply system may optionally further include one or
more elements to control the position, quantity, quality,
shape, flow rate or any other features of the liquid.

Embodiments of the invention may further be described
using the following clauses:

1. A lithographic apparatus, comprising:

a mask support configured to support a mask bearing a
pattern and to position the mask in a radiation beam so as
to impart the pattern to the radiation beam;

a projection system configured to project the radiation
beam patterned by the mask onto a substrate; and

a mask correction system configured to controllably and
locally alter a property of the mask.
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2. The lithographic apparatus of clause 1, wherein the mask
correction system is configured to locally alter one or more
properties of the mask selected from the group consisting
of’ transmissivity to the radiation beam; transmissivity to a
polarization state of the radiation beam; birefringence; and
geometry.

3. The lithographic apparatus of clause 1 or clause 2, wherein
the mask correction system comprises a focusing optical
system configured to direct a second radiation beam on to
a spot on the mask so that the property of the mask is locally
altered.

4. The lithographic apparatus of clause 3, wherein the mask
correction system is configured to direct second radiation
onto a plurality of spots on the mask substantially simul-
taneously.

5. The lithographic apparatus of clause 4, wherein the mask
support comprises a positioner configured to scan the mask
relative to the mask correction system in a first direction.

6. The lithographic apparatus of clause 5, wherein the posi-
tioner is further configured to scan the mask in the first
direction when the mask is positioned in the radiation
beam.

7. The lithographic apparatus of any of clauses 4 to 6, wherein
the plurality of spots are arranged in a two-dimensional
array, at least either rows or columns of the two-dimen-
sional array of spots forming an acute angle to the first
direction.

8. The lithographic apparatus of any of clauses 4 to 7, wherein
the focusing optical system comprises:

a beam divider to divide the second radiation beam into a
plurality of sub-beams to be incident on the mask at
respective spaced apart spots; and

a beam director to selectively direct each of the sub-beams
to respective spots on the mask.

9. The lithographic apparatus of clause 8, wherein the beam
divider comprises a microlens array and the beam director
comprises an array of movable mirrors, each microlens of
the microlens array being arranged to focus a sub-beam on
a respective one of the movable mirrors.

10. The lithographic apparatus of clause 9, wherein each
movable mirror is movable between a first position at
which a respective one of the sub-beams is directed to be
incident on a respective spot on the mask and a second
position at which the respective one of the sub-beams is
directed to not be incident on the mask.

11. The lithographic apparatus of clause 9, wherein each
movable mirror is movable between a plurality of positions
at each of which a respective one of the sub-beams is
directed to be incident on a respective spot on the mask.

12. The lithographic apparatus of any of clauses 3 to 11,
wherein the focusing optical system comprises a radiation
source configured to provide the second radiation beam.

13. The lithographic apparatus of any of clauses 3 to 11,
wherein the mask correction device further comprises a
controllable polarizer arranged to selectively impart a
desired polarization state to the second radiation beam.

14. The lithographic apparatus of clause 13, wherein the
controllable polarizer comprises a polarizer and a switch-
ing device arranged to selectively move the polarizer into
and out of the second radiation beam.

15. The lithographic apparatus of any of clauses 1 to 14,
further comprising a mask inspection device and wherein
the mask correction device is configured to change the
mask when the mask is in a position to be inspected by the
mask inspection device.

16. A method of correcting a mask for use in a lithographic
device manufacturing method, the method comprising:
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in a lithographic apparatus, locally altering a property of
the mask by directing a radiation beam to be incident
selectively on a spot on the mask.

17. The method of clause 16, wherein the property of the
mask that is locally altered by the radiation beam is one or
more selected from the group consisting of: transmissivity
to a second radiation beam used in the lithographic device
manufacturing method; transmissivity to a polarization
state of the second radiation beam; birefringence; and
geometry.

18. The method of clause 16 or clause 17, wherein directing
comprises directing the radiation beam onto a plurality of
spots on the mask substantially simultaneously.

19. The method of clause 18, further comprising scanning the
mask relative to the radiation beam in a first direction while
performing the directing.

20. The method of clause 18 or clause 19, wherein the plu-
rality of spots are arranged in a two-dimensional array, at
least either rows or columns of the two-dimensional array
of spots forming an acute angle to the first direction.

21. The method of any of clauses 16 to 20, further comprising
selectively imparting a desired polarization state to the
radiation beam.

22. The method of any of clauses 16 to 21, further comprising:
before directing the radiation beam and in the lithographic

apparatus, projecting an image of the mask and measur-
ing a value of a property of the image, wherein the
altering is responsive to the measured value.

23. The method of clause 22, wherein measuring a value of a
property of the image comprises measuring the position of
a marker in the image.

24. The method of clause 23, wherein measuring the position
of a marker is performed using an image sensor integrated
into the lithographic apparatus.

25. The method of clause 23, wherein measuring the position
of a marker comprises:
exposing a radiation-sensitive layer of a substrate to the

image of the mask; and

measuring the position of the marker in the radiation-sen-
sitive layer.

26. The method of any of clauses 23 to 25, wherein the marker
is one or more selected from the group consisting of: an
alignment marker and an overlay marker.

27. The method of any of clauses 22 to 26, further comprising
repeating the projecting and measuring after the altering.

28. A device manufacturing method using a lithographic
apparatus, the method comprising:
in the lithographic apparatus, locally altering a property of

a mask by directing a first radiation beam to be incident
selectively on a spot on the mask;

directing a second radiation beam onto the mask; and

projecting the second radiation beam patterned by the
mask onto a substrate.

The descriptions above are intended to be illustrative, not
limiting. Thus, it will be apparent to one skilled in the art that
modifications may be made to the invention as described
without departing from the scope of the claims set out below.

The invention claimed is:

1. A lithographic apparatus, comprising:

a mask support configured to support a mask bearing a
pattern and to position the mask in a first radiation beam
so as to impart the pattern to the first radiation beam;

aprojection system configured to project the first radiation
beam patterned by the mask onto a substrate; and

a mask correction system configured to controllably and
locally deform material constituting part of, or alter a
materials property within, the integral physical structure
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of the mask for use of the mask having the locally
deformed material or altered property in patterning of
the first radiation beam, wherein the mask correction
system comprises a focusing optical system configured
to direct a second radiation beam to the mask so that the
property of the mask is locally altered by the second
radiation beam.

2. The lithographic apparatus of claim 1, wherein the mask
correction system is configured to locally alter one or more
properties of the mask selected from the group consisting of:
transmissivity to the radiation beam; transmissivity to a polar-
ization state of the radiation beam; birefringence; and geom-
etry.

3. The lithographic apparatus of claim 1, wherein the mask
correction system is configured to direct second radiation
onto a plurality of spots on the mask substantially simulta-
neously.

4. The lithographic apparatus of claim 3, wherein the mask
support comprises a positioner configured to scan the mask
relative to the mask correction system in a first direction.

5. The lithographic apparatus of claim 4, wherein the posi-
tioner is further configured to scan the mask in the first direc-
tion when the mask is positioned in the radiation beam.

6. The lithographic apparatus of claim 3, wherein the plu-
rality of spots are arranged in a two-dimensional array, at least
either rows or columns of the two-dimensional array of spots
forming an acute angle to the first direction.

7. The lithographic apparatus of claim 3, wherein the
focusing optical system comprises:

a beam divider to divide the second radiation beam into a
plurality of sub-beams to be incident on the mask at
respective spaced apart spots; and

a beam director to selectively direct each of the sub-beams
to respective spots on the mask.

8. The lithographic apparatus of claim 7, wherein the beam
divider comprises a microlens array and the beam director
comprises an array of movable mirrors, each microlens of the
microlens array being arranged to focus a sub-beam on a
respective one of the movable mirrors.

9. The lithographic apparatus of claim 8, wherein each
movable mirror is movable between a first position at which a
respective one of the sub-beams is directed to be incident on
a respective spot on the mask and a second position at which
the respective one of the sub-beams is directed to not be
incident on the mask.

10. The lithographic apparatus of claim 8, wherein each
movable mirror is movable between a plurality of positions at
each of which a respective one of the sub-beams is directed to
be incident on a respective spot on the mask.

11. The lithographic apparatus of claim 1, wherein the
focusing optical system comprises a radiation source config-
ured to provide the second radiation beam.

12. The lithographic apparatus of claim 1, wherein the
mask correction device further comprises a controllable
polarizer arranged to selectively impart a desired polarization
state to the second radiation beam.

13. The lithographic apparatus of claim 12, wherein the
controllable polarizer comprises a polarizer and a switching
device arranged to selectively move the polarizer into and out
of the second radiation beam.

14. The lithographic apparatus of claim 1, further compris-
ing a mask inspection device and wherein the mask correction
device is configured to change the mask when the mask is in
a position to be inspected by the mask inspection device.

15. A method of correcting a mask for use in a lithographic
device manufacturing method, the method comprising:
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in a lithographic apparatus, directing a first radiation beam
to be incident selectively on a spot on the mask to locally
deform material constituting part of, or alter a materials
property within, the integral physical structure of the
mask for use of the mask having the locally deformed
material or altered property in patterning of a second
radiation beam.

16. The method of claim 15, wherein the property of the
mask that is locally altered by the first radiation beam is one
or more selected from the group consisting of: transmissivity
to the second radiation beam used in the lithographic device
manufacturing method; transmissivity to a polarization state
of the second radiation beam; birefringence; and geometry.

17. The method of claim 15, wherein directing comprises
directing the first radiation beam onto a plurality of spots on
the mask substantially simultaneously.

18. The method of claim 17, further comprising scanning
the mask relative to the first radiation beam in a first direction
while performing the directing.
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19. A device manufacturing method using a lithographic
apparatus, the method comprising:

in the lithographic apparatus, directing a first radiation
beam to be incident selectively on a spot on a mask to
locally deform material constituting part of, or alter a
materials property within, the integral physical structure
of the mask;

directing a second radiation beam onto the mask; and

10 projecting the second radiation beam patterned by the

mask having the locally deformed material or altered
property onto a substrate.

20. The method of claim 19, wherein directing the first

15 radiation beam comprises directing the first radiation beam

onto a plurality of spots on the mask substantially simulta-
neously.



